This paper presents a methodology to calculate the optimal size of a stand-alone hybrid Windphotovoltaic (PV)-Battery system. The study was interested in the influence of the wind and solar potential and the shape of the load profile on the optimal configuration. The collection of one year of wind speed, solar radiation and ambient temperature, recorded every hour in Kayar and Potou located in the northwestern of Senegal were used with the manufacturer's specifications of a wind turbine and a photovoltaic (PV) panel to calculate the power generated by the wind turbine and the PV modules for each hour of the day. The mathematical modeling of the principal elements of the hybrid wind/PV system is presented showing the main sizing variables. The results of simulations, by the use of the load profile n°1, show that the optimal configuration was hybrid system wind/PV/batteries with 71% and 64% of energy coming from the wind turbine on the site of Potou and Kayar, respectively. The results also show that the load profile n°2 was more suited to the hourly wind and solar energy output for the two sites compared to the rest of the load profiles.
INTRODUCTION
Fossil fuels play a key role in meeting the global energy demand. However, fossil fuel reserves are limited and the use of these sources has adverse impacts on the environment. Therefore, it is necessary to resort to renewable energy sources like solar and wind energy (Akdag and Dinler, 2009) .
In remote regions, electric energy is usually supplied by diesel generators. In most cases, supplying the energy demand using diesel fuel is expensive and has negative effects on the environment. Thus, the hybrid system (PV-Wind-Battery) can become competitive with the use of diesel generators (Colle and Abreu, 2004) . Further, the use of a single renewable energy source such as wind or solar energy is inadequate to meet the demand for long periods due to the high cost of the system including battery storage (Zhou et al., 2010;  *Corresponding author. E-mail :boudy_bilal@yahoo.fr. Boudy et al., 2010a Boudy et al., , 2012a .
To meet this challenge, renewable energy sources such as wind and solar energy can be used in combination to create hybrid (PV-Wind-Battery) systems. Furthermore, the problem caused by the natural variation of the wind and the solar resources can be partially solved by integrating them efficiently. The hybrid system that combines solar and wind generating units with battery backup can attenuate their individual fluctuations and reduce energy storage requirements significantly (Boudy et al., 2010a) thereby reduces the overall cost of system. Some studies (Borowy and Salameh, 1996; Kellogg et al., 1998; Duffo-Lopes et al., 2005; Ekren, 2008) have used a technical method such as graphical construction method, probabilistic approach and iterative technique to size a hybrid system which was, most often, WindBattery, Wind-Battery-Generator, PV-Battery or PVBattery-Generator. These sizing methodologies did not take into account some components of the system such as regulator (PV batteries charger) and inverter, which also greatly affect the acquisition cost of the system.
In this paper, the developed methodology for the calculation of the optimum size of a stand-alone hybrid system was based on the use of the genetic algorithm for sizing the optimal configuration of hybrid system Wind-PV-Battery by minimizing the Annualized Cost of System (ACS). An original approach was to use the decision variables such as PV module size, wind turbine size, battery capacity, number of regulators and inverters in the optimization process. A study on the influence of wind and solar potential variation and the influence of the shape of load profile on the optimal configuration was carried out. The application of this methodology was carried out for the two sites kayar and Potou located in the northwestern coast of Senegal. In this area, there are remote village which are not connected to the national grid. On the other hand, most of gardening activities in the country are concentrated in this region thus, several sites were selected for studies, to produce electricity using wind and solar energy, on the basis that these rural areas constitute major agricultural belts (Boudy, 2005; Youm et al., 2005; Kebe et al., 2008; Boudy et al., 2008 Boudy et al., , 2007 Boudy et al., , 2010b Boudy et al., , 2011 Boudy et al., , 2012b Drame et al., 2012) . Furthermore, water pumping for irrigation and rural electrification are identified as one of the viable application of wind and solar energy (Youm et al., 2005) .
To achieve the target of this study, technologies of a small wind turbine (EolSenegal/500W), a Battery (Banner C20-963.51/180Ah/12V), a PV module (monocristallin 150Wc/24V), a regulator (REGTARGOM430/ 40A/48V) and an inverter (SINWAVE/3.5 kW/48V) were used. Figure 1 shows a schematic diagram of a hybrid system (solarwind-battery). The energy produced by the wind turbines and the PV modules was used to power the load. The remainder is sent to batteries to be stored. If demand exceeds the energy generated by the wind turbines and PV modules, then the battery provides the energy deficit. Figure 1 depicts the various components of the hybrid system (PV-Wind-Battery).
MODEL OF THE HYBRID SYSTEM COMPONENTS

PV array performance model
The photovoltaic module performance is highly affected by the weather, especially the solar irradiation and the PV module temperature. In this paper, a simplified simulation model is used to estimate the PV module performance.
To estimate the PV array output, the solar radiation available on the module surface, the ambient temperature and the manufacture data for the PV module ( 
NCOT (°C) is the nominal operating cell temperature. A photovoltaic module power output at time t is given by Equation 4.
FF (dimensionless) is the fill factor, dependent on technology of solar modules, which is the ratio between the nominal and the maximum power standard (Koutroulis et al., 2006) .
Wind turbine performance model
The average power output from a wind turbine is the power produced at each wind speed multiplied by the fraction of the time that wind speed is experienced, integrated over all possible wind speeds. In integral form, the equation is (Borowy and Salameh, 1994; Boudy et al., 2012a Boudy et al., , 2012b : f(v) is a probability density function given by Equation 6, Pw, is the electrical power output of the wind turbine defined by Equation 7 (Justus, 1978; Boudy et al., 2011 Boudy et al., , 2012b .
A is scale factor, unit of wind speed, K is shape factor, dimensionless, v is wind speed in (m/s).
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For small-scale wind turbines, the cut-in wind speed is relatively smaller and wind turbines can operate easily even when wind speed is not very high.
The total power output of the two generators (wind turbine and PV array) is given by Equation 9 (Boudy et al., 2012a) .
Npv and Nag are the total number of solar modules and wind turbines, respectively.
Battery performance model
The nominal capacity of the battery is modeled using Equation 10 (Borowy et al., 1996) :
Where Nbt is the total number of batteries, Nbs is the number of batteries in series, bt  is the nominal capacity (Ah) of one battery.
During the charging process, the available battery capacity at time t can be calculated by Equation 11 (Koutroulis et al., 2006) :
 is the capacity of the storage system at time t given in (Ah), nbt is the battery charging and discharging efficiency. It is difficult to measure separate charging and discharging efficiency, so manufacturers usually specify roundtrip efficiency. In this paper, the battery charging efficiency is set to 80%, and the discharge efficiency is equal to 100% (Duffo-Lopes et al., 2005) . U (V) is the nominal system operating voltage and Pbt is the power received by the battery from generator or requested by the demand. The minimum battery capacity can be given by Equation 12 (Abdelhamid et al., 2011) :
Where r  is the nominal battery capacity and Pd is the depth of battery discharge.
Regulator performance model
The solar regulator which monitors the load and the battery discharge is dimensioned according to its input current, which is given by the Equation 13 (Boudy et al., 2012a) .
Npv is the total number of PV modules, Npvs is the number of PV modules in series, nrg (%) is the regulator efficiency.
Inverter performance model
The inverter is a device which converts DC current of DC bus to an AC current for AC loads. The power transiting the inverter to serve the demand is given by Equation 14 (Boudy et al., 2012a) .
nin is the inverter efficiency specified by the manufacturer (%), Pch is the instantaneous demand (W).
Economic model based on the annualized cost system (ACS) concept
The energy optimization of a hybrid system can be done by using an economic criterion. We should introduce an objective function for the various system components. It is a question in our case of establishing a function cost which includes the replacement (Crap), maintenance (Cmain) and capital cost (Ccap) of each component. The Equation 15 gives the function cost of the system. 
Annualized replacement cost
The annualized replacement cost of a system component is the annualized value of all the replacement costs occurring throughout the lifetime of the project. In the hybrid system under study, only the battery, regulator and inverter need to be replaced periodically during the project lifetime.
Ycomp is the components (batteries, regulators and inverters) lifetime (year); SFF is the sinking fund factor, a ratio to calculate the future value of a series of equal annual cash flows. The equation for the sinking fund factor is:
System optimization model with genetic algorithm
The minimization of ACS function is implemented employing genetic algorithm (GA) developed by Leyland (Leyland, 2002; Molyneaux, 2002) . This multi objective optimization tool was designed for the optimization of the energy systems, which are generally non-linear and uses a statistical technique of grouping of the individual basis on the independent variable (creation of the families which evolves in independent manner). This method has the advantage of maintaining the diversity of the population and of making the optimal algorithm coverage even difficult to find (Sambou, 2008) . Further, this method is not restricted by local optimum; it can find the global optimum system configuration with relative computational simplicity compared to conventional optimization methods such as dynamic programming and gradient techniques (Zhou et al., 2010) . Furthermore, in a nonlinear multiobjectives optimization problem, there is such a balance that we cannot improve one criterion without deteriorating at least one of others. This balance is called Pareto optimal.
The hourly data used in the model are the solar radiation on horizontal surface, ambient air temperature, wind speed and load demand consumption on an annual basis.
The PV array and the wind turbine outputs are calculated according to the PV and the Wind turbine system model by using the specifications of the PV module and the wind turbine, as well as the solar radiation and the wind speed data. The battery bank with the total nominal capacity r  is permitted to discharge up to a limit defined by the maximum depth of discharge Pd.
The initial assumption of system configuration will be subject to the following inequalities constraints (Boudy et al., 2012a) : 
Application on the sites of Kayar and Potou
Presentation of the sites
The sites, Kayar and Potou are located in the cost northwestern of Bilal et el 2651 Senegal in West Africa. This zone is characterized by wind potential adapted to small wind turbines (2 to 10 kW) (Boudy, 2005; Youm et al., 2005; Kebe et al. 2008; Boudy et al., 2008 Boudy et al., , 2010b Boudy et al., , 2011 Boudy et al., , 2012b on one hand and on the other hand, this zone is characterized by good solar irradiation (Boudy et al., 2007; Drame et al., 2012) . Figures 3 and 4 present the real and theoretical distribution of Weibull of the wind speed on one hand and on the other hand Figure 5 presents the profile of the irradiance on average over the one day respectively in the two sites (Potou and Kayar). It is noted that, the density of wind power is larger (95 W/m²) on the site of Potou than on the site of Kayar (72 W/m²). Then the wind potential is larger on the site of Potou than on the site of Kayar. However, the average daily value of solar radiation is more significant on the site of Kayar (4.4 kWh/m²/d) than on the site of Potou (3.9 kWh/m²/d).
To study the effect of changes in load profiles on the optimal configuration, three types of loads having the same quantity of energy (94 kWh/d) ( Figure 6 ) were used.
Profile 1 gives the load of a village whose fluctuation during the day corresponds to the operation of public equipment (refrigerators, domestic mill, welding machines, and other equipment). The peak of the demand observed at night corresponds to the use of the domestic equipment and some commercial equipment. It can be observed that the power is constant between 5 a.m. and 5 p.m. for load profile 2. This corresponds to the operation of a desalination and water pumping system, commercial refrigerators and domestic equipment, etc. The peak of the power demand observed during the night is due to the domestic equipment (lighting, refrigeration and television. etc.) and the desalination and water pumping system. Load profile 3 illustrates low consumption during the day (population working in the fields in the morning), and high power demand in the night due to the use of lighting, TV plus the previous consumption (desalination and water pumping system, commercial refrigerators, etc.).
Components characteristics
The specifications of the components used in this study are presented in Table 1 .
RESULTS AND DISCUSSION
The methodology presented above was applied on the two sites (Kayar and Potou) to size an optimal hybrid systems solar-wind-battery for decentralized electrification. The results obtained are presented in two forms:
1. Influence of the potentials on the optimal configuration, 2. Influence of load profiles on the optimal configuration. Figure 7 and Figure 8 depict the total Annualized Cost of System (ACS) during the processing of optimization in Kayar and Potou respectively using load profile 1. It can be noted that from a configuration, the cost of the following configurations is constant. The optimal configuration for each load profile was computed ( Table 2 ). The studies of the performance of the system have been achieved determining the state of charge of batteries on sites Potou and Kayar (Figure 9 ). Figure 10 gives the state of charge on batteries for each load profile using the solar and the wind potential of the site of Potou.
Influence of variation of the potential on the optimal configuration
The results of sizing are summarized in Table 2 . For the two sites Potou and Kayar, the optimal configuration is a hybrid system with a request of the wind turbines for Potou and a request of the PV modules for the site of Kayar. That can be explained by the fact that, the wind potential is more favorable on Potou and the solar potential is more favorable on the site of Kayar. Further, the diurnal variation of the load profile is more suitable to the diurnal variation of the solar radiation in the site of Kayar than in the site of Potou. However the fraction of the output energy from the wind turbines is higher than the fraction of the output energy from the PV modules that is observed for all the sites and for all used load profiles (Table 2) . We can also notice that the annualized cost of system (ACS) is higher for Potou compared to the cost of system for the site of Kayar, that is, because the load profiles used are better suited to the output energy in Kayar than in the site of Potou. So the systems requesting for more size of battery for the site of Potou, resulted in a higher Annualized Cost of System (ACS). The wind turbine sized on Potou and Kayar intervene more during the day time. The calculated battery makes the help rendered to the system more possible the moment the wind turbines and the PV modules cannot produce sufficient energy.
For the load profile n°1, the capacity of storage system dimensioned increases by 25% for Potou compared to the capacity of storage sized for Kayar. This is due to the over-sizing of batteries in the site of Potou. This storage system has to cover the peak of power called by the demand during the night time. However, these batteries will function only a little over their lifetime. That can add the lifetime of the battery bank. The state of charge of the battery bank sized for Kayar and Potou by using load profile n°1 is depicted by the Figure 9 . It can be noted that the minimum state of charge of the battery bank is equal to 50% for the two sites. It can be noted, further, that a high frequency is observed for the battery bank charged (state of charge 100%). This is observed for the two sites.
Influence of variation of the load profile shape on the optimal configuration
The study of the influence of the load profiles shape on the optimal configuration was carried out for the site of Potou and Kayar. The optimal configurations obtained are illustrated by Table 2 .
It is observed that the fraction of output energy from the wind turbines is higher than 50% of the total output energy for all configurations obtained (Table 2 ). This remark follows that, the wind turbine used for sizing is well adapted to the wind potential and to the load profiles of demand. The application of sizing, by using the load profile n°2 and n°3, shows a reduction in the number of the batteries compared to the load profile n°1. This is because the load profiles n°2 and n°3 are more adapted to the output energy from PV modules and the wind turbine together than the load profile n°1. This observation is seen for the two sites Kayar and Potou.
The capacity of batteries increased by 14 and 8% for the load profile n°1 compared to the capacity of batteries obtained by using the load profile n° 2 and n°3 respectively, on the site of Potou. Figure 10 gives the state of charge of batteries over one year for all the loads profiles on the site of Potou. The maximum depth of charge is 50% corresponding to the state of charge of 50%.
CONCLUSION
A methodology to size a stand-alone hybrid PVWind-Battery system using a genetic algorithm approach (GA) is proposed in this paper. The used models of the wind turbine, the PV panel and the storage unit composing the hybrid system, were presented.
The optimal design of a hybrid system PV-WindBattery with the use of the genetic algorithm approach is carried out for two sites Kayar and Potou located in the northwestern coast of Senegal.
The study of the influence of the wind and solar potential on the optimal configuration was carried out. The results obtained showed an influence of variation of the solar and wind potential on the optimal configuration obtained. For example, for the two sites Potou and Kayar, the optimal configuration is a hybrid system with a request of the wind turbine for Potou and a request of the PV modules for the site of Kayar.
The study of the load profiles influence on the optimal configuration has showed that, the load profile which is suitable for potential fluctuating can reduce the acquisition system cost. On the other hand, it would be interesting to perform the modeling, by incorporating the objectives of availability and reliability constraints of components in order to achieve a more accurate assessment of the cost of ownership system. 
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